INTRODUCTION
Mammalian NHE (Na + /H + exchanger) isoform 1 is a ubiquitously expressed integral membrane protein that mediates the amiloride-sensitive exchange of one extracellular sodium ion for one intracellular proton [1] . Physiologically, NHE1 functions to protect cells from intracellular acidification [2, 3] , to stimulate changes in the growth or functional state of cells [2] and to regulate both sodium fluxes and cell volume after osmotic shrinkage [4] . The NHE also plays an important role in the damage that occurs to the human myocardium during ischaemia and reperfusion, and it has been shown that inhibition of the exchanger has beneficial effects on the myocardium under these conditions [5] .
The general structure of NHE1 is composed of two domains: an N-terminal membrane domain of approx. 500 amino acids and a C-terminal regulatory domain of approx. 300 amino acids [1, 5] . Figure 1 (A) depicts a recently determined membrane topology of NHE1 that consists of 12 transmembrane helices with both the N-and C-termini located in the cytosol, as well as a membraneassociated segment and two re-entrant loops [6] .
Although NHE1 has been extensively examined, little is known about how this antiporter actually binds and transports Na + ions and protons. Several studies have suggested that TM IV (transmembrane segment IV; residues 155-178) is important for the ion transport and inhibitor-binding properties of NHE1 ( Figure 1B ) [7] [8] [9] . TM IV has the sequence 155 FLQSDVFFLFLLPPIILDA-GYFLP 178 in human NHE1. Within this sequence, the underlined residues affect either the Na + affinity or inhibitor resistance of human and other mammalian NHEs [7] [8] [9] . These results provide a strong case for the importance of TM IV in the ion-binding and transport properties of NHE1.
Abbreviations used: HA, haemagglutinin; NHE, Na + /H + exchanger; cNHE1, cysteineless NHE1; NHS, N-hydroxysuccinimido; TM IV, transmembrane segment IV. 1 To whom correspondence should be addressed (e-mail lfliegel@ualberta.ca).
As shown in the sequence alignment in Figure 2 , TM IV contains three highly conserved proline residues. In particular, Pro 167 and Pro 168 are preserved across all eight isoforms of the mammalian NHE, although the equivalents of Pro 168 and Pro
178
are not conserved in the yeast NHE, NHX-4 [10]. Conservation of Pro 167 and Pro 168 in the mammalian NHEs suggests that these proline residues may play an important role in NHE function. Having proline residues in the middle of TM IV could be important for the mechanism of NHE1, since proline residues are considered to be helix breakers. They also lack an amide hydrogen and cause a kink of approx. 26
• in the α-helix [11, 12] . These characteristics leave the i − 4 backbone carbonyl without its normal hydrogen bond donor and prevent the formation of the (i − 3)-carbonyl-(i + 1)-amide backbone hydrogen bond [11] . In the recent X-ray structure of the glycerol-3-phosphate transporter from Escherichia coli [13] , two transmembrane helices that contain two sequential proline residues are present. Helix V contains two proline residues and is bent, whereas helix IV contains two proline residues but is straight. Similarly, in the lactose permease of E. coli, some kinks in transmembrane segments are at proline residues, although others are at glycine or alanine residues [14] . Therefore it is clear that the effect of proline residues within transmembrane segments varies, that the local environment can moderate them and that kinks in transmembrane segments are not always induced by proline residues. Variability in these effects makes the study of specific proline residues most interesting.
The characteristics of proline residues within transmembrane segments could have several important consequences for TM IV of the NHE. Each proline introduced into an α-helix leaves two free backbone carbonyls, which could directly co-ordinate Model of TM IV of NHE1 illustrating the positions of the amino acid residues known to be important for NHE1 structure or function. White circles represent the residues that have been suggested previously to be important for NHE1 function. Grey circles represent the conserved proline residues at positions 167, 168 and 178.
Figure 2 Sequence alignment of NHEs
TM IV of NHE1-8 and NHX4 of Caenorhabditis elegans were aligned. Shading indicates identity with the human NHE1 isoform. References are NHE1 [35] [36] [37] , NHE2 [38] , NHE3 [39] , NHE4 [36] , NHE5 [40] , NHE6 [41] , NHE7 [42] , NHE8 [43] and C. elegans (C.e.) [10] .
cations or interact with inhibitors [12] . A kink that is introduced by the proline residues could also create a space to accommodate transported cations or a part of the re-entrant loop, IL2 (intracellular loop 2), which occurs in the NHE [6, 8] . The increased flexibility in this transmembrane segment introduced by proline residues could allow for conformational changes that are required for normal exchanger function. Finally, the presence of two proline residues in helix IV may not allow the formation of an α-helix [12] .
In the present study, we used site-specific mutagenesis to investigate the functional effects of mutating the conserved proline residues in TM IV. Pro 178 was mutated to Ala, and Pro 167 and Pro
168
were mutated to Gly, Ala or Cys. These amino acids were chosen for the mutations because they differ in their α-helical tendency, backbone flexibility and their ability to cause a kink in the α-helix (Table 1) . Mutation of Pro 178 to Ala had no effect on NHE activity. In all cases, the Pro 167 and Pro 168 mutations caused a significant decrease in NHE activity, indicating that these proline residues are critical for normal NHE1 function. The α-helical tendency, probability for the presence of a kink, flexibility introduced into the α-helix and presence of free backbone carbonyl oxygen atoms are indicated for each amino acid.
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MATERIALS AND METHODS

Plasmids and site-directed mutagenesis
The plasmid pYN4+ contains the cDNA coding for the human NHE1 having an HA (haemagglutinin) tag on the C-terminus of the protein. The plasmid pYN4-C is similar to pYN4+, except that all ten native cysteine residues are mutated to serine residues. Site-directed mutagenesis was performed by amplification with PWO DNA polymerase (Roche Molecular Biochemicals, Mannheim, Germany) using Stratagene Quik Change TM sitedirected mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.) according to the manufacturer's instructions. pYN4+ was used as a template for creating the mutants P167G (Pro 167 → Gly), P168G, P167A, P168A and P178A. pYN4-C was used as a template for creating the mutants P167C and P168C. In all cases, the mutations were designed to create a restriction enzyme site that could be used to screen transformants. The accuracy of the mutations was confirmed by sequencing.
Cell culture and stable transfection
AP-1 cells, Chinese-hamster ovary cells that lack endogenous NHE activity, were maintained as described previously [15] . For transfection, 4 × 10 5 cells were seeded in a 35 mm Petri dish in 2 ml of growth medium. On the following day, cells were transfected with 4 µg of wild-type or mutagenized plasmid construct using LIPOFECTAMINE TM 2000 Reagent (Invitrogen, Carlsbad, CA, U.S.A.) according to the manufacturer's instructions. The transfected cells were selected using 800 µg/ml geneticin (G418). Cultures were regularly re-established from frozen stocks, and the cells from passage numbers 5-15 were used for experiments.
SDS/PAGE and immunoblotting
Immunoblot analysis was performed on total cell lysates from transfected and untransfected AP-1 cells. Cells were recovered manually from plates in the presence of lysis buffer consisting of 50 mM Tris/HCl (pH 7.4), 150 mM NaCl, 1 % (v/v) Nonidet P40, 0.25 % (w/v) sodium deoxycholate, 0.1 % (v/v) Triton X-100, 1 mM ethylene glycol-bis-(β-aminoethylether)-N,N,N ,N -tetraacetic acid, 0.1 mM benzamidine, 0.1 mM PMSF and 0.1 % (v/v) protease inhibitor cocktail [16] . The protease inhibitor cocktail consisted of 0.
The cell lysates were centrifuged at 16 000 g for 5 min at 37
• C in an Eppendorf centrifuge 5415 C; for each sample, 100 µg of the total protein was resolved on an SDS/10 % (w/v) polyacrylamide gel. The gel was transferred on to a nitrocellulose membrane and immunostained using 1:2000 dilutions of anti-HA monoclonal antibody (Boehringer Mannheim, Laval, QC, Canada) and peroxidase-conjugated goat anti-mouse antibody (Bio/Can, Mississauga, ON, Canada). Immunoreactive proteins were visualized by enhanced chemiluminescence (Amersham Biosciences) Western blotting and detection system following the manufacturer's instructions. X-ray films were scanned, and densitometric analysis was performed using NIH Image 1.63 software (NIH, Bethesda, MD, U.S.A.).
Cell-surface expression
We measured cell-surface expression essentially by the method described in [17] . Cells grown to approx. 80 % confluence in 60 mm tissue culture dishes were washed with borate buffer (154 mM NaCl/7.2 mM KCl/1.8 mM CaCl 2 /10 mM boric acid, pH 9.0) at 4
• C and then incubated for 30 min in 3 ml of 0.5 mg/ml sulpho-NHS-SS-biotin (where NHS stands for N-hydroxysuccinimido; Pierce Chemical, Rockford, IL, U.S.A.) in borate buffer at 4
• C. The cells were washed three times with cold quenching buffer (192 mM glycine/25 mM Tris, pH 8.3) and then solubilized on ice in 0.5 ml of IP (immunoprecipitation) buffer [1 % (w/v) deoxycholic acid/1 % (w/v) Triton X-100/0.1 % (w/v) SDS/150 mM NaCl/1 mM EDTA/10 mM Tris/HCl, pH 7.5/ 0.1 mM benzamidine/0.1 mM PMSF/0.1 % (v/v) protease inhibitor cocktail]. After centrifugation at 16 000 g for 20 min to remove the cell debris, half of the supernatant was retained for SDS/PAGE analysis and the remainder was gently rocked overnight at 4
• C with immobilized streptavidin resin [50 µl of 1-3 mg/ml streptavidin settled gel as a 50 % (v/v) slurry in PBS containing 2 mM NaN 3 ; Pierce Chemical]. The beads were removed by centrifuging at 8000 g for 2 min and the supernatant was retained. Equivalent amounts of the total and unbound fractions were analysed by SDS/PAGE and Western blotting as described above. The amount of NHE1 on the plasma membrane was calculated by comparing both the 110 and the 95 kDa species of NHE1 in the total and unbound fractions. Results are shown as means + − S.E.M. and statistical significance was determined by Mann-Whitney U test.
Immunocytochemistry
To determine the intracellular localization of the NHE, transfected cells expressing wild-type or mutant NHE1 were grown on coverslips to 70-80 % confluence. The coverslips were washed twice with 1 × PBS (pH 7.4; Invitrogen Life Technologies), followed by fixing with methanol for 15 min at − 20
• C. The coverslips were then washed twice for 10 min in 1 × PBS. The cells were permeabilized by incubating in TA-PBS (0.1 % BSA and 0.2 % Triton-X-100 in PBS) for 15 min and then washed three times in TA-PBS. The coverslips were blocked in 5 % (v/v) goat serum in TA-PBS for 20 min. After three washes with TA-PBS, coverslips were incubated with mouse monoclonal anti-HA antibody (1:300 in TA-PBS; Boehringer Mannheim) for 1 h at room temperature (21
• C). The cells were washed again three times with TA-PBS, and reacted with Alexa Fluor 488-conjugated goat anti-(mouse IgG) immunoglobulin (1:300 in TA-PBS; Molecular Probes, Eugene, OR, U.S.A.). Finally, the cells were washed three times with PBS, and the coverslips were mounted using Vectasheild (Vector Laboratories, Burlingame, CA, U.S.A.) mounting media with 4 ,6-diamidino-2-phenylindole (DAPI). Cells were visualized using a Leica DMIRB fluorescent microscope.
NHE activity
We calculated NHE activity as the initial rate of Na + -induced recovery of cytosolic pH (intracellular pH) after an acute acid load, as measured fluorimetrically using BCECF [2 ,7 -bis-(2-carboxyethyl)-5(6)-carboxyfluorescein; Molecular Probes]. Ammonium chloride was used to transiently induce an acid load, and recovery in the presence of 135 mM NaCl was measured as described previously [15] . There was no difference in the buffering capacity of control versus experimentally transfected cells, as indicated by the degree of acidification induced by ammonium chloride. Measurements of each type of stably transfected cell were repeated on two independently isolated clones of each NHE mutant. Results are shown as means + − S.E.M. and statistical significance was determined using the independent-samples t-test. To calculate NHE activity for each amount of protein present on the plasma membrane, NHE activity was normalized to the NHE1 expression levels and cell-surface targeting levels, which were measured as described above.
Protein analysis
TM IV (amino acids 155-177) were analysed using the SAM (Sequence Alignment and Modeling) System [18] , which uses the hidden Markov model for homology sequence alignment to assist with secondary-structure prediction using the DSSP program [19] .
RESULTS
Expression of mutant NHE1 proteins
The mutations P167G, P168G, P167A, P168A and P178A, introduced into the wild-type NHE, and the mutations P167C and P168C, introduced into a cysteineless version of the NHE, were expressed in the Na + /H + exchange-deficient AP-1 cell line. Figure 3 , it can be seen that the mutant and wild-type exchangers displayed the same pattern of immunoreactive bands, with a larger band at approx. 110 kDa, which represents the glycosylated form of the mature NHE, and a smaller band at approx. 95 kDa, which represents an immature form of the exchanger that is not fully glycosylated [20] . The densitometric analysis included only the larger 110 kDa species. The Western blot in Figure 3 demonstrated that the mutant NHEs were all expressed, although P167G, P167A and P167C all have less than one-third of the expression of wild-type NHE1. In addition, the P167G, P167C and P168C mutants had more prominent bands at 95 kDa than at 110 kDa, indicating that a large portion of these mutants may not be glycosylated completely, a phenomenon we had observed previously [15] . Western blotting of AP-1 cells that do not express the NHE demonstrated that the antibody is specific for the expressed, tagged protein.
Subcellular localization of mutant and wild-type NHEs
We have noted previously that mutation of some amino acids of the NHE can cause the protein to be targeted to an intracellular location [15] . We therefore examined the targeting of the NHE by two techniques. First, to obtain a quantitative measurement of the proportion of NHE1 on the plasma membrane, cells were labelled with sulpho-NHS-SS-biotin. Cells were then lysed and solubilized, and the labelled proteins were bound to streptavidinagarose resin. Equal samples of the total cell lysate and the unbound lysate were run on SDS/polyacrylamide gels, and Western blotting with an anti-HA antibody was used to identify NHE1 protein. Figure 4 (A) and Table 2 show examples and summaries of the results respectively. Figure 4 (A) shows representative Western blots used to determine the amount of NHE1 protein present on the plasma membrane (lane T, total amount of NHE1 protein present in each sample; lane I, the fraction of the NHE that did not bind to the streptavidin-agarose beads). Table 2 is a summary of the results in Figure 4 (A) and demonstrates that wild-type NHE1, P167A, P168G, P168A, P168C and P178A are predominantly present on the plasma membrane. A moderately less amount of cNHE1 Transmembrane segment IV of the Na + /H + exchanger 51.9 + − 1.9 * Mutants that have significantly less plasma-membrane localization compared with NHE1 (Mann-Whitney U test, P < 0.05). Table 3 * Mutants with activity significantly less than wild-type NHE1 activity (independent-samples t -test, P < 0.01).
† Mutants that retained significantly more activity when compared with untransfected AP-1 cells (independent-samples t -test, P < 0.01).
(cysteineless NHE1) was present on the plasma membrane in comparison with the wild-type, and both P167G and P167C mutants were mostly present within the cell.
To illustrate the targeting of NHE1 within the cell, immunocytochemistry was used. Figure 4(B) illustrates some examples of immunocytochemical localization of the NHE, showing both plasma-membrane and intracellular localization. Control, untransfected AP-1 cells showed no plasma-membrane localization. Cells transfected with wild-type NHE (NHE1) or the P168G mutant showed strong plasma-membrane localization. In contrast, cells transfected with the mutant P167G showed an intracellular localization of the NHE. Table 3 shows the activity of the mutant and wild-type NHEs as determined by monitoring the initial rate of recovery in response to an NH 4 Cl-induced acid load, and Figure 5 shows examples of results obtained for some of the mutants. When AP-1 cells transfected with NHE1 were exposed to Na + after being acidified, there was an immediate and rapid increase in intracellular pH at the rate of 3.30 pH units/min. Both the cNHE1 and P178A mutants displayed essentially the same rate of recovery as wild-type NHE1. In contrast, the mutants P167G, P168A, P167C and P168C had essentially the same rate of recovery as untransfected AP-1 cells (> 2 % of control values). Although the P167A and P168G mutants also had severely decreased rates of recovery, these mutants did retain significantly more activity compared with untransfected AP-1 cells (P < 0.01). P167A protein was not expressed to as high a level as wild-type NHE; hence, correction for the level of protein and intracellular targeting (Table 3) showed that it possessed 18 % of wild-type activity. For P167G, P168A, P167C, P168C and P168G, the decreased activity of the mutant proteins cannot be accounted for by the decreased expression or intracellular targeting of the mutant exchangers. Table 4 is a secondary-structure prediction of amino acids 155-177 of TM IV. Native TM IV with two proline residues is predicted to be in an extended-strand conformation with little helical structure. In the region of the proline residues themselves, a coil is predicted instead of an α-helix. After substitution of either Pro 167 or Pro 168 with alanine, there was a large change in the predicted structure of the TM IV. Substitution of either of the proline residues with an alanine resulted in a helical prediction for most of the TM segment. Substitution of both native proline residues with alanine resulted in the prediction of a helical structure with a higher degree of confidence. It is recognized that the effect of proline residues on the conformation of a protein will vary depending on the local environment of the transmembrane segment [13] . Table 4 Secondary-structure analysis of TM IV of the NHE Amino acids 155-177 were analysed by sequence alignment and modelling system using the hidden Markov model for homology sequence alignment to assist in secondary-structure prediction using the DSSP program [18, 19] . The proline residues of interest are shown in bold. Pss, secondary-structure prediction of either coil (C), extended strand (E), α-helix (H) or hydrogen-bonded turn (T); Prb, probability of the prediction. 
Effect of mutations on NHE activity
Analysis of TM IV
DISCUSSION
TM IV of the NHE contains several residues that are important for ion transport and inhibitor binding [7] [8] [9] . Although their effects on membrane protein structure can vary [13] , proline residues are required for expression and targeting to the plasma membrane in a number of membrane proteins [21] [22] [23] . We examined the importance of the three conserved proline residues 167 and Pro 168 were probably due to specific effects on TM IV of NHE1 rather than a general effect that occurs in all proteins with mutation of proline residues. First, we found that the effects of mutating Pro 167 and Pro 168 are specific to these specific transmembrane proline residues, since Pro 178 could be mutated to alanine without affecting NHE activity. Secondly, it has shown previously that the mutation P239A in TM VI of NHE1 also had no effect on NHE activity [15] . Finally, proline residues in transmembrane helices of other membrane proteins can be mutated and do not always affect protein function [22, 28, 29] .
Our findings regarding important functional roles for Pro 167 and Pro 168 match the results of previous studies on other integralmembrane proteins. Mutation of any of the proline residues in the transmembrane helices of the Ca 2+ -ATPase of the sarcoplasmic reticulum decreased the activity of the enzyme [30] . Similarly, in the human glucose transporter GLUT1, the mutation of proline residues in TM X to either Glu or Ile caused a significant decrease in 2-deoxy-D-glucose uptake [23, 31] . In addition, several proline residues were required for the normal function of the lac permease in E. coli [28, 32] . Transmembrane segment IV of the Na + /H + exchanger 37 recent analysis of the distribution of proline residues within TM helices of proteins with known structure revealed that proline residues occur with a relatively high frequency in the middle of TM helices. This induces a hinge region before the proline residue [34] . In this analysis of the effects of proline residues within TM helices [34] , the effect of adjacent proline residues was not examined, but these would presumably cause even greater alterations in the structure of TM segments. Changes to this type of unusual double-proline structure are probably capable of influencing the structure and activity of the NHE. Our prediction of the structure of TM IV (Table 4 ) agrees with the suggestion that Pro 167 and Pro 168 can significantly affect the structure of this segment. Even substitution of alanine for either Pro 167 or Pro 168 resulted in marked changes in the prediction of the structure of TM IV. This result agrees with our experiments showing that other residues were unable to substitute effectively for a proline residue regardless of their character. Glycine, alanine and cysteine residues vary in their α-helical propensity and flexibility. However, a glycine or alanine or cysteine residue could not effectively substitute for the proline residue at either of the positions. Thus the tendency to either be flexible or break an α-helix was not the critical determinant of NHE function. An alanine residue was capable of substituting for Pro 167 to a small degree. It is not clear why an alanine residue allowed partial activity of the NHE. It may be that packing constraints allowed the retention of an appropriate conformation only in the presence of the alanine residue. Further studies on the conformation of this transmembrane segment are necessary to understand how these small mutations could have such major effects on the expression and targeting of the NHE.
